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CHAPTER 17 

HOW OLD ARE RNA NETWORKS?
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Abstract: 

networks that continue to be uncovered, especially in eukaryotes. It is increasingly 

archaea and eukaryotes and their ultimate origin is less certain, although perhaps 

INTRODUCTION

gene expression has been seen in both eukaryotes and prokaryotes and even viruses use 

accept the idea that some RNA-protein interactions are very old but when we get down 

such regulation only evolved when organisms became more complex (e.g., multicellular). 
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Ida (Initial Darwinian Ancestor), or in 
the later Luca (the Last Universal Common Ancestor), or in the even later Fred (Fairly 
Remote Eukaryotic Daddy).1,2

3 However, our interest here is at the other end 

example, Boria et al4

Ro

o

RNA networks evolve, and as we understand more about how RNA and its associated 
proteins evolve, we can begin to surmise how such regulation could have evolved much 

REGULATORY NETWORKS OF SMALL RNAs

Networks involving small RNAs can regulate translation with some proteins also 

mRNAs via cleavage, repression, up-regulation and also translational control via DNA 

5 (siRNA-based, miRNA-based and 

the transcript can be processed as either a miRNA or an mRNA) and some are even 

 untranslated regions and could 
6 miRNAs were once thought to be 

between cells and can control protein levels in remote tissue.7 In a viral example, the 

to pre-miRNAs in the host nucleus. They utilise the endogenous miRNA network using 
the host RNAse III endonuclease (Drosha) and a dsRNA binding protein (Pasha). These 
are then exported via the same pathway as endogenous miRNAs. These viral miRNAs 

8 miRNAs have an obligate nuclear processing 
phase, so viruses that enter the nucleus are more likely to encode them. HIV is an RNA 
retrovirus that encodes at least three miRNAs.9,10
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the plant bacterium Agrobacterium tumefaciens is enhanced by knocking out the siRNA 
pathway, but still requires an intact plant miRNA pathway.11

the dsRBP Loqs, (Drosophila) and trans-activator binding protein (TRBP) (in humans), 

homologue and instead use a nuclear Dicer-like endonuclease (DCL1), which makes 
similar cuts, but they also require a dsRBP (HYL1) to accurately process the miRNA 
precursors.12

 end 

Drosophila 
-O-methylation at the 3  end 

then loaded into Ago2 in the RISC complex, the domain usually occupied by siRNA.13

In animals, introns can be linearized by the lariat debranching enzyme and the 

Dicer and have been termed mirtrons. They have the same action as a miRNA, but do 
D. melanogaster 

and C. elegans
sets.14 Additionally the HIV virus encodes a miRNA; hiv1-miR-TAR that uses the cellular 
mirtron pathway.9 It has been suggested14 that this pathway could predate Drosha mediated 
cleavage. An alternate would be that they have evolved independently three times in 

Agos now lack cleavage ability15 and suppress mRNA translation by physical impedance, 
16

Animal miRNAs usually suppress translation by binding to the target mRNA, but 
the exact mechanism remains under debate. Three models17

However, miRNAs can also up-regulate translation (particularly when the cell is under 
stress).18

miR10a:RISC is within the 3
translation, but in the 5 UTR it could activate it.19

20

21 

indicates that they are processed in the nucleus. Cellular localisation also plays a part in 
the standard miRNA-processing network. The miRNA:RISC complex in the cytoplasm 
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22 Smaller complexes 

complementary miRNAs, the target is cleaved and the Ago2 is released and exported to 
the cytoplasm. In C. elegans,23 NRDE3 (an Ago) together with siRNA is necessary and 

are 27 Agos in nematodes, there appear to be little redundancy in that mutants lacking 
this protein (nrde3

in the processing pathway occur in the nucleus and requires export. In plants and worms, 

in related organisms but exo-siRNAs are rarely conserved.24

Endogenous-siRNA (endo-siRNA) is involved in a pathway that could evolutionarily 

Drosophila uses the 

partnership with Dicer 1.25

Piwi interacting RNAs (piRNAs) were originally detected in Drosophila germline cells 
and they are slightly larger (~24-31 nt) RNAs with the 2  O-methyl 3  ending reminiscent 

are generated at the same time as the mRNA is being translated in the cytoplasm26 and 

Drosophila at least, primary piRNAs that are 

mobilise initially by being copied into RNA, but are then processed into virus-like particles 
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in the cytoplasm.27,28 It is intriguing that the siRNA, pathway which specialises in dealing 

is again that there are many variations in details within eukaryotes, but the same basic 
mechanism seems to re-occur.

RNA REGULATION AND DEFENCE AGAINST THE DARK ARTS

endogenous nucleic acids including transposons, viruses, pseudogenes—essentially what 

involves RNA networks.29

an organism, but in most cases it will be deleterious and possibly lethal.

30 and that 
parasites would always have been present.31 Viruses have also evolved small-RNA based 

8

key proteins, the RNaseIII endonuclease—Dicer, an RNA dependant RNA polymerase 

C. elegans.32 The Ago proteins are 

system given the complex immune system available to them. There is some evidence 
that mammalian viruses encode RNAi suppressors and that implies that they could use 
exo-siR,33

exo-siRNA in mammals).34

Exo-siRNA deals with invading RNA, but eukaryote genomes are largely comprised 

transposons, thought to be produced by RNA pol IV. This produces long dsRNA which is 
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TAS locus, which then enters 

are natural antisense transcript-derived siRNAs (natsiRNA).35 This continued evolution 

pathway.36

in complex with RMRP has been shown to produce siRNAs in humans.37 Endogenous 

duplexes (Fig. 1A),38

across two genes (convergent transcription). Long single stranded RNA transcripts that 

these could result in hairpin duplex structures that can be processed using the siRNA 

cell, but is especially important in organisms (such as animals) where there is a division 
into somatic and germ-line cells. The matched endogenous repeat sequences were 

Table 1.
 
Species

RNase III 
Endonuclease

RNA Dependent RNA 
Polymerase

 
Argonaute-Like

 
Piwi-Like

S. pombe DCR1 RDRP1 Ago1
A. thaliensis DCL1-4 RDR1, RDR2, RDR6 Ago1-10
D. melongaster DCR1-2,  

Drosha
 

has RdRP capability
Ago1-2 Piwi, Aub, 

Ago3
C. elegans DCR1,  

Drosha
Alg1-2,  
T22B3.2,  
T23D8.7,  
ZK757.3

PRG1-2, 
ERGO1  
Plus at least 
18 group 3 
Argonautes

H. sapiens 
 

DCR1,  
Drosha hTERT in  complex  

with RMRP 37

Ago1-4 
 

HILI, HIWI, 
HIWI2  
PIWIL3
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known as Piwi, AUB (Aubergine) and Ago3 in Drosophila (MILI1, MIWI and MIWI2 

39 Their biogenesis is 

have retained their catalytic capability. Although precursor piRNAs are mostly antisense, 

retrotransposon transcripts or the antisense precursor piRNA leaving a 5  antisense product 

Figure 1. 
UTR. Parent and 
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Transcriptional Gene Silencing) complex containing Piwi and AUB. In mammals this 
epigenetic regulatory role is heritable through maternal transmission.40

Some genomic regions give rise to both endo-siRNA and piRNA and target the same 

and transposon. Alternatively, there could be some redundancy among the molecular 
machinery that keeps all pathways working. For instance, it is known that the plant 

Figure 2.

DNA is dealt with by the endo-siRNA pathway, sharing many proteins with the exo-siRNA and also the 
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Viral particles evolve rapidly and even miRNA genes within related viruses may 
have little homology although they maintain sequence similarity with their mRNA targets 

and siRNA pathways via RNA silencing suppressors (RSS) at many steps. Some DNA 

promoters. The plant cytoplasmic DCL4 slices these into siRNAs that suppress the viral 
transcripts. However, the Dark Arts are never idle; viruses have evolved RSS to turn 

41 The geminiviruses that give rise to convergent 
42 

and prevent RNA-directed DNA methylation (Fig. 3). Plants have counter-evolved a 

methylation via Ago4.43 Geminivirus counteracts by suppressing methylation globally. A 

Figure 3.

AC1
small (22nt) virus-derived RNAs (exo-siRNA) which load into Ago1 and slice mRNA transcripts arising 

AC1 gene. The cleaved mRNA can be converted by plant RDR6 into secondary siRNAs in 

the viral overlapping transcript is to be extended by RDR2 and diced by DCL3 in the nucleus, where 
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an evolutionary perspective the RNAi networks must be very old. Not only because 

44 

maintained strains. However, an alternate explanation is that some pathogenic bacteria, 

E. coli strains have CRISPR arrays containing 
cas

cas systems.45 These species lack endogenous cas genes yet 

Chapter 13, pages 213-218).

Figure 4. The CRISPR system is a combined exo and endo-siRNA that results in a dynamic, heritable 

how rapidly this can be utilised, it would seem that it would be slower than eukaryote exo-siRNA 
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phage gives resistance to that phage.46

cas
polymerases, helicases and nucleotide binding proteins47

that the core cas genes Cas1 and Cas2 occur at all CRISPR loci and are involved with 

cas 48

the very mechanism that they normally prevent.

which are processed into short crRNAs. Each crRNA corresponds to one spacer sequence 
47

to attach by Watson-Crick pairing along their entire length, whereas predatory DNA will 
49

Staphylococcus 
epidermidis, despite having the correct spacer sequence. This indicates that mRNA is not 
the target.50 Sulfolobus, suggesting 

RNA cleavage has been demonstrated in vitro in another archaeon Pyrococcus via 

Cas associated module known as RAMP (repeat associated mysterious protein, mainly 
51

and do not appear to move with the CRISPR array. DNA cleavage wasn’t detected in 
P. furiosus, this may mean that the Pyrococcus CRISPR system is directed at mRNA, 

P. furiosus have 

span, it is vital that the genome is small so that replication can be carried out quickly.52 

spacer deletion at the 3 47 This would allow historic invasions to be 

47 Such a strategy ensures protection 

Leptospirillum
25 nt blocks53
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insight into past host and pathogen encounters!

themselves. Furthermore, we expect that there always would have been viruses, so the 

network system is very old.

OTHER REGULATORY RNAs

the past decade.54-56

particles (RNPs) in eukaryotes have been well studied, including classical examples 
such as the small-nuclear RNPs (snRNPs) in mRNA splicing,57,58 small-nucleolar RNPs 
(snoRNPs) in rRNA processing—either the 2
or a uracil converted to pseudouracil,59 and the RNase P in tRNA processing.60 Genome 

extends well beyond what is currently known.61

62 Both experimental 

63,64

3 They are not restricted to rRNA biogenesis, snoRNAs in 
65

66 a human 
HBII-52 snoRNA (SNORD 115) is processed into smaller RNAs, which regulate 

67

very ancient in eukaryotes.68

is processed into smaller RNAs.69 Many snoRNAs in modern genomes appear to arise 
by duplications.70,71

72

73 suggest additional network 

ancient origin. In some eukaryotic lineages with smaller genomes (such as diplomonads 

74

3 and 
classic examples include riboswitches in bacteria and plants,75 iron-response elements 
(IREs),76 and the eukaryotic histone 3 UTR stem-loop.77 Cis-regulatory RNAs are usually 
located in the untranslated regions (UTRs) in mRNAs, though some are in coding regions.78 
In association with RNA-binding proteins they regulate translation, splicing, stability and 

79 
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the bud tip,80 81 
Drosophila embryo,82 and localization 

3,83 The noncoding 

at this network arising prior to the universal common ancestor (Luca).

HOW OLD ARE THE DIFFERENT INTERACTIONS OF RNA?

to arise relatively early in evolution,84,85

Current approaches attribute importance to several overlapping earlier stages86 during the 

Figure 5.

replication accuracy. The standard model suggests an earlier RNA-protein (RNP) world (B) where 

regulatory networks may date back to this time. At a still earlier stage (C), the standard model is an 

by short (noncoded) peptides. The error rate is assumed to be relatively high and thus only relatively 
short RNAs could be coded. Earlier still there must have been a chemical stage (D) where perhaps 
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proteins, RNA and DNA. On any evolutionary scenario there will have been earlier and 
simpler worlds and under the standard theory it is predicted that our modern world was 
preceded (Fig. 5B) by a ribonuclear protein world (RNP) with RNA having the coding 

to a deoxy-ribonucleotide.87

many regulatory roles.

RNA are much less accurate and have higher error rates than copying the double stranded 
DNA molecule. This lower accuracy means that RNA genomes would be much shorter 
than DNA-based organisms. Indeed, we see today that RNA viruses have much shorter 
genomes than double-stranded DNA viruses.88

89 But the 

Losing them and later re-establishing them, seems a less likely hypothesis.

has long been considered90

91 In this proposed RNA-world, RNA 
would have had coding, catalytic and regulatory roles. An interesting point is that some 

85

1

These include rRNA, tRNA, mRNA, RNase P, SRP RNA. A striking discovery was that 
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92 Thus the 

proteins can be synthesized. In an evolutionary context, we cannot evolve something 

with its associated RNAs involved in splicing, is ancestral to all modern eukaryotes.93 
Some RNAs and their interactions may yield progress relatively easily; others will be 

94 
the tRNA(Leu) has catalytic activity in removing a mischarged tRNA(Leu), even though 

means that we need to consider that tRNAs are not passive in amino acid recognition; 

involved in protein synthesis, the signal recognition particle, 7S in eukaryotes,95 also 
appears to occur in all living systems, so this RNA-protein network also appears ancient.

here, but have written on it89

96 our strategy93 has been to 

splicing, appears universal in all modern eukaryotes, so it is expected to have been in the 

97

CONCLUSION

Every eukaryote group appears to have networks that handle small RNAs a little 

to earlier stages.
Parasitic RNA would have been present in the RNA and RNP-worlds; that is the nature 

the siRNA system was present in Luca as the Argonautes are in all three domains and 
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are almost universally conserved, indicating their age and importance. The endo and 
piRNA pathways may have evolved to suppress parasitic nucleic acid that escaped or 
overrun the exo-siRNA pathway.

Increasingly, more RNAs seem to be universal. Bacteria and viruses have many 
cis-regulatory elements which bind proteins or metabolites (riboswitches), plants and 

- and 
3 -UTRs) are very common in eukaryotes too. Large scale transcription studies in human 

to contain cis-regulatory elements and they may work in a similar way as those in bacteria 

At present we must keep an open mind about how old the RNA and proteins systems 
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